Abstract -Products of interactions of transition metals with hydrogen exhibit retentions of essential metallic properties accompanied by decreases of density. With reference to temperature and to hydrogen gas-pressures, p, in equilibrium, different metals exhibit very different levels of hydrogen content, c. For elements in subgroups 111,
exhibit retentions of essential metallic properties accompanied by decreases of density. With reference to temperature and to hydrogen gas-pressures, p, in equilibrium, different metals exhibit very different levels of hydrogen content, c. For elements in subgroups 111, IV and V and palladium in group VIII, initial regions of solid solubilities can be succeeded at quite low pressures by transformations to crystallographically distinct hydride phases. Proportionalities between hydrogen solubility and square roots of hydrogen pressure have suggested stepwise solubility processes of surface molecular dissociation followed by occupation of interstitial sites by the dissociated hydrogen entities: opinion is divided concerning alternative protonic or anionic character of the interstitial hydrogen. The general high mobility of hydrogen between intersticies assists internal equilibration. Higher temperatures increase mobilities and also favour developments of rapid surface equilibration processes additionally important for accurate determinations of relationships between pressure, p, and content, c. Hydrogen solubilities have been equated with changes of physical parameters including electrical resistivity.
Measurements of electrical resistivities in equilibria with gaseous hydrogen extend up to very high pressures. There is interest in the magnitudes of hydrogen contents introduced into metals by electrolysis. Resistivity measurements with variously surface-activated palladium cathodes indicate attainments of hydrogen contents below contents introduced by equilibration with gaseous hydrogen pressures of the order of 10,000 atmospheres. Generation of hydrogen gas pressures of such an order of magnitude within voids in some metals either acting as cathodes or during processes of corrosion would seem responsible for surface blistering phenomena. Related experimental possibilities are those of developments of pressures in voids of gaseous molecule products of interactions of migrating interstitial hydrogen with inclusions of elements such as carbon, nitrogen and sulphur; and of helium resulting from decomposition of tritium in metal tritides.
ABSORPTION OF HYDROGEN BY METALS A N D FORMATION OF METALLIC HYDRIDES
The first clear appreciations of the absorption and embrittling effects of hydrogen in iron and steels seem to have developed in the latter part of the 19th century (refs. 1-3) contemporaneously with the findings of substantially larger absorption (occlusion) of hydrogen in palladium as compared to iron and platinum (ref. 4 ) . Subsequently it has been established (refs. 1,2,5-8) that the very high apparent solubilities of hydrogen in palladium had been a consequence of a combination of an initial range of hydrogen content where the hydrogen could be simply regarded as a solid solution in the metal latticesucceeded at higher hydrogen contents by the formation of a crystallographically distinct formal hydride phase. Also it has now been appreciated that the formation of structurally distinct metallic hydride phases at low hydrogen chemical potentials was a characteristic pattern of behaviour shown by the more electrospositive metals of transition element subgroups 111, IV and V. Extensive data are now available concerning the (p-c-T) phase relationships of these and some other metal/hydrogen systems (refs. 5-10) . 1 , 2 , 5 -7 ) of dependences of c on the square root of pressure, it has been widely inferred that in these regions the hydrogen exists in the metal as individually dissolved atoms located in interstitial lattice positions. In the case of the palladium hydrogen system these positions have been identified as octahedral interstitial positions of the face centred cubic lattice from neutron scattering (ref. 11) and channelling (ref. 12) experimental measurements.
PRESSURE-COMPOSITION RELATIONSHIPS OVER REGIONS OF SOLID

HYDROGEN ADSORPTION AT EXTERNAL AND INTERNAL SURFACES: SUB-SURFACE ABSORPTION
In practice it is found that the regions where solid solution criteria of a square root (ph) dependence of pressure on hydrogen content (c) are often limited. In terms of overall hydrogen uptake, such regions have been preceded by ones corresponding to surface adsorption which are relatively more extended in cases of specimens in particulated form (ref. 1 3 ) . Furthermore relatively recently (refs. 14-16) there seems increasingly clear evidence of intermediate sub-surface states which still require further additional clarifying study. A further issue in this area of consideration is that of increased hydrogen uptake into finely divided cold-worked specimens which reflects its introduction into voids and dislocations (refs. 8 , 1 7 ) . Further attention to this factor will be drawn below with reference to corrosive and deliberate electrolytic sources of hydrogen incorporation.
VERY HIGH PRESSURE HYDRIDE PHASE TRANSITIONS
Transition Metals from Subgroups VI and VII, members of Subgroup VIIIwith the exception of palladium, and copper, silver and gold in Subgroup I exhibit only very low solubilities of hydrogen at pressures up to one atmosphere over a wide range of temperatures (refs.
, 2 , 6 , 8 , 8 -2 0 ) .
Further studies up to 30-60 k.bar have provided evidence for the formation by nickel at pressures of ~6 0 0 0 bar of an analogous phase to the B-phase hydride of palladium and also for formations of hydride phases at still higher pressures by rhodium, manganese, chromium and iron. No evidence for hydride formation was found in the cases of the six platinum metals other than palladium (refs. 2 0 , 2 1 ) . As further discussed below in the case, at least, of the platinum/hydrogen system, p-c relationships would have a supercritical form with respect to a hydride phase transition analogous to that of the a s 6 transition of palladium (refs. 2 1 , 2 2 ) .
REGIONS ADJACENT TO PHASE TRANSITIONS AND OF CRITICALITY AND SUPERCRITICALITY WITH RESPECT TO REGIONS OF PHASE TRANSITION: CATASTROPHE MODELS
Deviations from dependences of hydrogen content changes on the square root of equilibrium hydrogen pressure, associated with surface and immediate subsurface sorption, have already been mentioned above. Importantly, from a bulk lattice structural standpoint, however, in regions of latent phase transition, significant deviations from a square root of pressure dependence on hydrogen content also begin increasingly to appear, in the sense of findings of substantially larger increases of hydrogen content per incremental increases of pressure (refs. 1 , 2 , 5 -9 , 2 2 ) .
X-ray crystallographic and electrical resistance measurements have been invoked (refs. 8 , 2 3 , 2 4 ) to suggest that this reflects the gradual development of domains of the nucleating new phase within a matrix of virtually saturated solid solution -and has encouraged a proposition that the overall process of the phase transition could be described in terms of a catastrophe model (refs. 8 , 2 4 , 2 5 ) . Any theoretical model has to take account of decreases with temperature of the pressure-invariant regions of hydrogen content, up to a critical temperature where a clear pressure-invariant region is no longer evident and there is a virtual absence of hysteretic differences between p-c relationships derived over alternative courses of increases or decreases of hydrogen content. The possible catastrophe model has attempted to take this into account together with likelihoods of some continued presence of residual regions of solid solution structure even at the conclusion of pressure invariant regions and also of existences of quasi two phase regions at hydrogen contents corresponding to inflected regions of critical and even supercritical p-c isotherms. Support for these possibilities appears to gain some encouragement from recent analyses (ref. 26) of relationships between hydrogen content and electrical resistivity over a range of temperatures for the Pd/H system (refs. 2 3 , 2 7 ) and of inter-relationships between electrical resistance, hydrogen content and equilibrium hydrogen pressure for an extensive series of palladium/platinum alloys ( ref. 2 2 ) .
PROTONIC OR ANIONIC NATURE OF THE HYDROGEN
One criterion of retention of general metallic properties is that of the relatively small orders of magnitude of changes of electrical resistivity produced by the hydrogen in metallic hydrides. This could be regarded as consistent with a quite widely held view (refs. 7 , 9 ) of a protonic or essentially electron donating and pseudo alloying behaviour of the hydrogen either in metallic hydride phases or in the initial hydriding stage of solid solution formation. On the other hand consideration has to be given to the electropositivity with respect to hydrogen of most transition elements and of those of Subgroups 111, IV and V in particular (refs. 8 , 2 4 , 2 6 ) .
An alternative model has been advanced (refs. 8 , 2 4 , 2 8 ) proposing that partial electron transfer from the metal atoms to the hydrogen interstitials takes place but to an extent insufficient for conversion of the metal atoms to positive ions with the concurrent collapse of effective radius and increase of density produced in the cases of alkali and alkaline earth hydrides (refs. 8 , 9 , 2 4 ) . Thus the continued metallic character could be associated with a retention of original metallic character modified by a lattice expansion in a somewhat analogous way to the thermal expansion produced by increasing temperature and in the case of palladium might be alternatively responsible for the observed decrease of paramagnetism on hydrogen absorption (refs. 8 , 2 9 ) .
DIFFUSION RATES
Potential combinations of high concentrations of interstitial hydrogen and vacant interstitial sites in a maintained elastic medium has provided attractive possibilities for utilising metallic-hydride-forming transition elements and their alloys as hydrogen permeation membranes for hydrogen purification and related purposes. Aside from technical problems of membrane geometry and constructional junction strains in relation to lattice volume expansions and contractions -generally desirable permeation rate criteria are those of high concentration gradients, dictated by forms of pressure-composition relationships, together with high values of hydrogen diffusion coefficients. Various techniques have been utilised to derive data for the substantial compilations of diffusion coefficient and activation energy parameters which are available (refs. 3 0 , 3 1 ) .
GORSKY A N D DIFFUSION-ELASTIC EFFECTS RELATED TO STRAIN GRADIENTS IN HYDROGEN PERMEATION MEMBRANES
During hydrogen permeation in the steady state, the concentration gradients existing across the thickness of the membrane are complementary with a gradient of lattice expansion. Latterly it has been appreciated that such Diffusion Elastic Effect initiated strain gradients can produce Gorsky Effect induced permeation rate components in the opposite direction to that of concentration gradient-imposed flux (refs. 3 2 , 3 
) .
Related effects have been demonstrated by experiments with certain compositions of palladium/platinum and palladium/silver alloys with p-c relationships at temperatures near to 25OC which are supercritical with respect to regions of phase transition analogous to those of the palladium/hydrogen system.
In these experiments (refs. 34-38) the reimpositions of strain gradients at one surface of membranes, initially containing homogeneously distributed hydrogen contents, also have been found to produce temporary reductions in surface hydrogen chemical potentials at the opposite surface.
ELECTROLYTIC INTRODUCTION OF HYDROGEN
Utilisation of this convenient means of introducing hydrogen into metals was reported as part of Graham's initial studies of the absorption of hydrogen by palladium (refs.
, 4 , 6 ) .
Electrolytic techniques have since been frequently employed and quite recently there has been much interest in the specific case of introduction of deuterium into palladium with regard to anticipation of concurrent nuclear fusion processes. An initiative for investigation of this possibility had been estimations that very high concentrations of deuterium (refs. 3 9 , 4 0 ) could be introduced at high current densities corresponding in turn to very high pressures. Latterly, however, practical limitations to such equivalent high pressure development have been more appreciated. Thus for instance at cathodes with surfaces of sufficiently high catalytic activities for open circuit electrode potentials to be reliably equatable with pressure through Nernstian relationships -hydrogen isotope concentrations within cathodes were limited to those in equilibrium with hydrogen gas pressures of the order of 100 atmospheres concurrently with the general onset of gas bubble evolution (refs. 6 , 8 , 2 2 , 4 1 -4 
) .
These conclusions were drawn from results of measurements with palladium cathodes of open circuit electrode potential and component-separated hydrogen overpotential originally developed by .
They have also been importantly substantiated by measurements of the electrical resistivity of cathodes of both palladium and of certain palladium alloys for which resistivity and hydrogen content changes have high sensitivities as functions of hydrogen pressure over ranges of pressure spanning values near to 100 atmospheres (refs. 8,22,42,43) . At cathode surfaces of lower catalytic activity for equilibration processes involving surface hydrogen species, larger effective concentrations of hydrogen ad-atoms can develop during electrolysis (refs. 8,13,24) and correspondingly higher hydrogen contents can be introduced into cathode substrates. Again in the case of palladium and palladium alloy cathodes, these higher contents have been estimated by measurements of electrical resistivity (refs. 8,45,46) which could be equated with effective hydrogen pressures through relationships derived in studies of equilibration with high gaseous pressures of hydrogen (refs. 19,22,47) . Some guidance to structural and hydrogen content changes has also been obtained recently from X-ray studies (refs. 48,49) 
EMBRITTLEMENT AND MACROSCOPIC DAMAGE: BLISTERING
Even while retaining a similar appearance and other general metallic characteristics, many metals exhibit increased tendencies for brittle fracture under stress on absorption of hydrogen. In cases of some elements such as titanium, vanadium and their group congeners (ref. 9) brittle behaviour can be a clear consequence of formation of distinct hydride phases and may be effectively reversed by 'regeneration' of the hydrogen-free metal on hydrogen desorption. Such cycles of formation and decomposition of specific hydride phases generally result in substantial macroscopic dimensional alterations (refs. 1-9) . However, in the case of palladium, large numbers of hydrogen absorption/desorption cycles can be effected with little macroscopic alterations provided the limits of absorption are restricted to ranges of hydrogen content corresponding to solid solution compositions (ref. 8) .
In cases of other technologically important elements and alloys such as nickel, iron and steels, embrittlement may be a consequence of relatively small concentration absorptions of hydrogen into the bulk lattice and seems importantly associated with relatively high localised concentrations of hydrogen in lattice defects such as dislocations and voids. From a structural damage standpoint, it is significant that pressures of hydrogen gas contained in such voids can attain pressures of some thousands of atmospheres. This is complementary with the high surface hydrogen chemical potential which can develop on catalytically inactive surfaces during specific electrolytic cathodisation or during local cell corrosion processes. Developments of such high hydrogen pressures can lead to distensions of the voids as exemplified by the appearance of surface blisters (refs. 8,50) .
Further sources of such blisters are those originating from gaseous molecules produced as products of interaction of migrating hydrogen with inclusions of elements such as carbon and sulphur (ref. 8). Finally a special case of blistering is provided by the secondary formation of pockets of helium gas resulting from nuclear transformation of tritium contained in metal tritides (refs. 8,51,52 ).
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